Abstract: Several groups have demonstrated smoothing of (Al,Ga)As/GaAs quantum well heterointerfaces by growth interrupts (GI). Such quantum wells (QW) usually exhibit multiple narrow line emission spectra where the energy and separation of the peaks 1s consistent with large lateral islands varying in helght by a monolayer. Unfortunately, the integrated emission can be reduced by an order of magnitude as a result of GI.
1. INTRODUCTION The observation of multiple narrow emission peaks in Al,Ga,-&s/GaAs quantum wells (QW) which have been subjected to interrupts during growth have been attributed to monolayer (ML) fluctuations at the interfaces. Smoothing of the interfaces in quantum structures is desirable from the point of view of increased carrier mobilities (l) and may prove Useful for optical devices. We have shown previously that it is necessary to interrupt the growth at both interfaces in order to obtain sharp photoluminescence (PL) and excitation (PLE) spectra (2) . smoothing of the interfaces is also inferred from the recovery of reflection high energy electron diffraction (RHEED) measurements and the recovery curves have been used to estimate suitable G1 periods, t, which are typically 60 to 120s. However, smoothing of the interfaces by growth interrupts (GI) occurs at the expense of radiative efficiency due to the incorporation of non-radiative centres ( 3 ) . In this paper we will show that hydrogen passivation of G1 structures leads to a recovery of the intensity of the optical emission to the levels exhibited by non-G1 samples but the sharp PL features which indicate smooth interfaces are retained.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1993595 2. EXPWIMENTAL DETAILS The AlAs/GaAs slngle QW structures were grown by molecular beam epitaxy at 630°C on contlnuously rotated GaAs (001) seml-insulating substrates In a Vacuum Generators V80H machlne. A growth rate of 1 ML/s was determined from RHEED measurements. A 6x6ML GaAs/AlAs superlattice was included in the buffer layer to reduce impurity incorporation ( 4 ) and the structure was capped by 500a of undoped GaAs. The widths of the barrier and well layers were nominally 22ML and this was subsequently confirmed by PL and X-ray diffraction measurements. The optical measurements were made with the samples held in a closed cycle, variable temperature helium cryostat. Excitation was by argon ion or titanium sapphire laser and the luminescence dispersed by a SPEX 0.85111 double grating monochromator and detected by a cooled GaAs photomultiplier using photon counting. Time decay measurements were made using pulses from a mode-locked argon ion laser and detected by a cooled Hamamatsu S1 micro-channel plate detector. The resolution of the system is 90ps. Some samples were also annealed at 280°C in an inductively coupled (13.56 MHz) hydrogen plasma for periods up to 6 hours. These conditions have been shown previously to cause passivation of shallow (5) These results Indicate that at least for the structures studied here a G1 period of 60s is required i n order to obtain smooth interfaces. PL spectra at 10K for the same samples are shown plotted on a semilogarithmic scale in figure 2, (energies are shifted for clarity). The purpose of this figure is twofold. First, it demonstrates the increased incorporation of carbon impurities with increasing G1 period which leads to the weak emission occurring on the low energy side of the spectra. Two peaks are observed corresponding to C , , impurities at the interface or the centre of the well (9). Secondly, the Stokes shift decreases from about 2meV at t=O to a negligibly small value at t=60 or 120s which is taken as further evidence of interface smoothing. The integrated emission of the samples at low temperatures of the same order and this is reflected in the PL decay measurements where the measured excitonic lifetimes are of the order of 300ps which is typical of high quality material (10). However, the integrated emission at 66K where the C , free to bound emission is quenched and the excitonic radiative lifetime is expected to be longer (10), shows a dramatic decrease with increasing t as shown in Table I , indicating that nonradiative centres dominate the 1.54 1.56 1.58 1 . 6 1.62 1.64 recombination. This is confirmed by PL Energy (eV) decay measurements which show a Figure  2 : PL spectra for reduction in the measured lifetime different G1 times. ek0 and eAIo from 1.3ns to 300ps as shown in Table are due to transitions involving  1. carbon acceptors at the centre Recent publications have demonstrated and interface of the QW. a modest increase in the 77K emission of InGaAs/(Al,Ga)As QW by the use of atomic hydrogen which is thought to passivate interface defects or deep non-radiative centres (11, 12) . Figure  3 shows the 10K PL spectra obtained from the sample with G1 t=120s before and after anneal in a H-plasma for 2h at 280°C. At 10K the integrated emission intensity is increased by a factor of 2. However, at 66K the relative strength of the emission has increased by nearly an order of magnitude and is comparable with the non-G1 sample. A comparison of the low temperature spectra shows that the Hanneal does not degrade the interfaces and we conclude that the H has passivated the non-radiative centres but does not encourage interdiffusion at the interface. a his conclusion is born out by the PL decay time measurements which are shown in performed where the samples were annealed ~igure 3 :PL spectra from an without the H-plasma. No differences were untreated and an H-found in the PL spectra of any of the passivated sample with samples. t=120s. f' ' h U -, Table I :
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Clearly the PL efficiency and decay time data presented in Table I qualitatively support our conclusions on the effects of G1 and hydrogen passivation however the two types of measurement do not agree quantitatively if we assume that the exciton radiative lifetime is constant for the different samples. It is possible that the this effect is due to the dependence of the radiative lifetime on the density of interface defects as proposed by Citrin (13). This phenomena is currently under investigation.
. CONCLUSIONS
G1 leads to smoother heterointerfaces if the G1 period is 60s or more but there is a decrease in the luminescence efficiency which can be attributed to the incorporation of non-radiative centres. Carbon impurities are also incorporated during GI. Anneals in atomic H increase the QW luminescence presumably through the passivation of the nonradiative centres but do not make the interfaces rough. Work is now under way to study both the thermal stability of the passivated species and the transport properties of the H-passivated G1 samples. 
